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ABSTRACT 
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Recent research programs have concentrated mainly on developing 
techniques to characterize surface breaking cracks and very little 
has been done towards characterizing subsurface flaws in conducting 
materials. Presented in this paper are the results of some initial 
theoretical work aimed at the development of a reliable eddy current 
technique to detect and characterize defects in engine disk bolt holes 
under a 0.05" stainless steel sleeve. The change in impedance of an 
absolute eddy current coil with and without ferrite core, and the 
distribution of eddy currents around a second layer crack with and 
without a thin insulating film between the two conducting layers have 
been predicted numerically. The overall system development goals and 
methods to accomplish them are outlined briefly. 
INTRODUCTION 
The continuous wave single frequency eddy current technique is 
widely used to characterize surface flaws in electrically conducting 
materials. In spite of the recent developments in automatic defect 
characterization associated with this method, the subject of subsur-
face flaw detection using this technique still remains to be studied. 
Recently, W. Sheppard et al. (1981) have developed a 'multisegment 
eddy current probe' and field scattering concept to detect cracks 
radiating from fastener holes in the second surface of an aircraft 
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wing lap joint with the bolt in place. In their work the material of 
both layers are aluminum and the flaws are essentially sub-surface. 
The two layer geometry considered here and problems associated with 
it for the development of a successful eddy current technique to 
detect second layer cracks are described below. 
In engine disk overhaul, a cracked region in a bolt hole may be 
repaired by drilling out (or otherwise removing) the flawed region, 
leaving an oversized bolt hole. These oversized bolt holes are fur-
ther repaired by press fitting a sleeve into each oversized hole and 
then drilling the sleeve to proper size. These steps are shown in 
Fig. 1. Since the sleeve is not in metallurgical contact with the 
engine disk, it is not subject to the stress loading of the disk. 
Consequently, new in-service crack formation and growth occur in the 
disk region adjacent to the sleeve and not in the sleeve itself. 
In the repaired disk geometry cracks produced under the sleeve 
appear as subsurface defects to any subsequent inspection technique. 
The inspection of the subsurface region by eddy current techniques is 
complicated by two major factors. First, the flaw size of interest 
(15 x 30 mils) is smaller than, or comparable to, the sleeve wall 
thickness. This factor tends to obscure the crack details. Second, 
the stainless steel sleeve material is of higher electrical conduc-
tivity than the disk material. The electrical conductivity of sleeve 
material is 2.5% of lACS whereas for the host material it is only 
1.1% of lACS. That is, the electromagnetic skin depth in the disk 
is 50% deeper than that in the sleeve. Thus, the sleeve shields the 
electromagnetic fields from the region of interest unless sufficiently 
low frequencies are employed. However, low frequencies imply longer 
skin depths and lower sensitivity than the optimum frequencies used 
for surface crack detection. Figure 2 depicts these problems in 
addition to the usual probe lift-off and wobble. 
The general problem of subsurface crack detection has not been 
addressed in the geometry of interest to this task. Unknown are the 
signal-to-noise ratio degradation due to probe lift-off and wobble, 
shielding and current spreading due to higher conductivity of the 
sleeve relative to host material, and loss of sensitivity due to 
large sleeve thickness relative to crack size. In general, the eddy 
current science and technology base for subsurface flaws is weak, 
three dimensional field analysis techniques and an inversion 
technique which gives the crack parameters from a given set of 
measurements do not exist. Owing to these many unknown factors, 
probe optimization has become all the more important for the success-
ful development of an eddy current inspection technique. A limited 
two dimensional theoretical study of the present test geometry which 
would provide parameters for the probe optimization was performed 
numerically. The results of this initial study are discussed in 
this paper. 
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Fig. 1. Steps in engine disk overhaul procedures : a) bolt hole 
before drilling out the flaw region, b) over size sleeve 
and c) after drillin a the sleeve to the right size . 
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Fig. 2. Bolt hole inspection geometry and the problems in detecting 
subsurface cracks. 
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IMPEDANCE CALCULATION 
Theoretical predictions of the flaw signal are based on a cal-
culation of the change in impedance (~Z) of the eddy current coil as 
the coil moves in the vicinity of the flaw under the given test con-
ditions. Analytical techniques developed to date have not been able 
to predict ~z taking into account realistic defects, practical field 
profiles, and likely testing conditions. Figure 3 shows the two 
dimensional geometry chosen for the eddy current modeling of bolt 
hole geometry. Two types of eddy current probes, absolute coils 
without ferrite core ('simple coil') and with ferrite core ('ferrite 
coil'), are analyzed using a two dimensional finite element program. 
The analysis is aimed at selecting an optimum test condition (coil 
dimensions, frequency, etc.) that would maximize the signal-to-noise 
ratio, resolution and detection sensitivity. 
Consider a straight current-carrying conductor along the z axis 
in a rectangular coordinate system (x,y,z). The sinusoidal source 
current density J(amps/m2) and hence the complex magnetic vector 
potential A(webers/m) have components only along the z direction. 
That is, both J and A are a function of x and y only. This 
Eddy current 
coil 
Sleeve 
Crack 
Hos t rna ter ia 1 
Fig. 3. Two dimensional geometry chosen for impedance calculations 
(conductivity of sleeve and host materials are 1.494 x 
106 and 0.657 x 106 (ohm-m)-l, respectively, winding cross-
section is 0.02" x 0.02", and the defect is 0.03" deep 
and 0.02" wide). 
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situation can be modeled by a Poisson type of diffusion equation in 
two d imens ions 2 
+ - J + jwaA (1) 
where 11 is the nonlinear magnetic permeability (H/m), w is the 
angular frequency (rad/sec), a is the electrical conductivity 
(mhos/m) and j is the complex operator. The eddy current density 
J (amps/m2) is given by 
e 
J 
e 
-jwaA (2) 
From the principles of variational calculus, it can be shown 
that a correct solution of Eq. 1 can be obtained by minimizing 
the nonlinear energy functional 
F (3) 
where B = flux density (Webers/m2), over the entire region of 
interest. To do this, the problem region is discretized into a 
number of triangular elements, and the global matrix equation, 
(Eq. 4) resulting from the minimization of F at every node in the 
region, is solved for unknown A values using a standard technique 
such as Gaussian elimination, 
[G) {A} {Q} (4) 
where [G) is a (nxn) banded symmetric complex matrix, {Q} is a 
(nxl) complex source matrix, {A} is a (nxl) unknown complex vector 
potential matrix and n is the total number of nodes in the discre-
tized region of interest. Thus, numerical values of complex mag-
netic vector potential are obtained for the entire region not through 
the direct solution of the diffusion equation (Eq. 1) but by mini-
mizing the energy functional F (Eq. 3). 
The complex impedance (2) can be calculated from the magnetic 
vector potential (A ) at the centroid of each triangle forming the 
'1 . c Th . C01 cross-sect10n. at 1S, 
2 
jwN 
s 
I 
s 
N 
L 
i=l 
t:,.A . 
1 C1 
(5) 
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where I is the coil current (amps), ~. is the area of ith triangular 
elementS (m2) within the coil cross-secfion, N is the winding density 
in the coil (conductors/m2) and N is the numb~r of first order finite 
elements within the current source area. 
Presented in this section are the results of initial calculations 
to establish a standard procedure for probe optimization. In these 
'numerical experiments' the mean radius of a simple coil (r) is varied 
from 0.02" to 0.12" in steps of 0.01" while keeping the winding cross-
section constant at 0.02 inch square. For each coil the impedance (Z) 
is calculated at different positions along the x axis, thus simula-
ting the probe motion in actual testing. Because of the symmetry 
about y axis (Fig. 3), calculations are performed only on one side 
of the defect, namely the negative x axis. The defect free impedance 
(Z ) is calculated only once for each coil. The probe sensitivity is 
gi~en by ~Z/Z , where ~Z is equal to Z-Z. Similar calculations are 
performed foroferrite coils and the resu£ts are compared with those 
of simple coils. The test frequency is chosen arbitrarily as 25 kHz 
in all the cases. 
Figures 4a and 4b show typical flux plots for both simple and 
ferrite coils and for two mean radii. The field spreading and pene-
tration increase as r increases in each probe type. Thus, lowering 
the value of r decreases the field interacting with the second layer. 
Because of higher permeability (~ = 1000) of core material the ferrite 
probes produce localized fields of higher intensity compared to those 
produced by corresponding (same mean radius) simple coils. The local-
ized fields would give better transverse resolution. The shielding 
effect of the 0.05" first layer is studied next. The eddy current 
signals with and without the first layer are predicted for simple 
and ferrite coils at r = 0.07" and plotted in Figs. 5a and 5b, 
respectively. The peak sensitivity of the simple coil with the 
sleeve in place is only 12% of that without the sleeve (Fig. 5a). 
The signal attenuation is even worse in the case of ferrite coil when 
the coil spacing is not large compared to the sleeve thickness. The 
sleeve signal peak is only 6% compared to that without the sleeve 
(Fig. 5b). 
The sensitivities of simple and ferrite coils for the test con-
figuration depicted in Fig. 3 are compared in Fig. 6 for different 
mean radii. It is interesting to note that at lower values of r 
(Le., r<0.04") the simple coil is more sensitive than the ferrite 
coil and at higher values of r (Le., r>0.03") the ferrite coil is 
more sensitive than the simple coil. For lower values of r, due to 
lesser field spread in the case of ferrite probes; only a very weak 
field interacts with the defect in the second layer. As the mean 
radius increases the core helps to produce a concentrated high inten-
sity field to penetrate the sleeve and interact well with the defect 
in the host material. The peak sensitivity values in Fig. 6 are 
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Host material 
r = 0.02" 
r = 0.04" 
Fig. 4. a) contours of constant magnetic vector potential (amplitude) 
values for simple coils (at 25 kHz the skin depths in sleeve 
and host materials are 0.1" and 0.15", respectively). 
Sleeve 
~ 'wh' <~, 
Air 
Host material i r = 0 .02" 
r = 0 .04" 
Fig. 4. b) contours of constant magnetic vector potential (amplitude) 
values for coils with ferrite core. 
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Fig. 5. a) attenuation of eddy current signal due to stainless 
steel sleeve (simple coil). 
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Fig. 5. b) attenuation of eddy current signal due to stainless 
steel sleeve (ferrite core coil). 
EDDY CURRENT TECHNIQUE FOR SLEEVED DISK SOL THOLES 213 
I~ Zo 
x10- 4 
5.6 
4.8 
4.0 
3.2 
2 .4 
1.6 
0.8 
a) r = 0.02" 
b) r = 0.03" 
c) r • 0.04" 
c.l) r • 0.05" 
e) r = 0.06" 
f) r • 0 . 07" 
x • 0 
0.0 +-=::::::::;=-.----.---r--~i_-­
- .21 - .17 - .13 - .09 . -.05 
DISTANCE (INCHES) 
- .01 i 
Fig. 6. 
Comparison of signals 
for coils with and 
without ferrite core. 
plotted against the mean radii in Fig. 7. Inspite of larger Z and 
Z values calculated for ferrite probes, the ratio of their differ-
egce to Z (i.e., sensitivity) has not shown much improvement over 
that calc8lated for simple coils. The maximum value for r is limited 
by the bolt hole size (diameter = 0.308"). 
The signals f in Fig. 7 are normalized to their respective peak 
values and plotted as Fig. 8. From Figs. 7 and 8 it is obvious that 
the ferrite probes provide a better signal resolution than the simple 
probes. The focussed flux in the case of ferrite probes interact with 
lesser material volume and hence the better resolution. Estimation 
of signal-to-noise ratio is one of the important bases for developing 
a sound optimization technique in any nondestructive inspection 
method. Most of the noise components in an eddy current signal 
originates at the probe end (such as due to probe wobble, lift-off, 
etc.) and the rest from the instruments and recorders. Presented 
in Fig. 9 are the finite element predicted eddy current signals with 
and without lift-off (0.001") for both types of probe. The coil mean 
radius is 0.07". for all these signals. From Fig. 9 the signal-to-
noise ratios are estimated as 4.4 db and 21.6 db for the ferrite and 
simple probe, respectively. The poor performance of ferrite probe 
with lift-off could be due to the increase in reluctance in its 
magnetic circuit. Lastly, the numerical technique is used to design 
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Fig. 7. Plot of signal peak values for different mean radius of 
coils with and without ferrite core. 
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Fig. 10. Influence of ferrite core on eddy current coil signal. 
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Shown in Fig. 10 are two ferrite cores of different dimensions but 
with same coil. A ferrite core with wider pole face, as one might 
expect, has caused higher signal strength compared to the one with 
narrow pole face. 
CURRENT FLOW ANALYSIS 
The preceeding two dimensional analysis considered the case of 
impedance changes in a search coil having current flow parallel to 
the length of the crack or defect. The complementary case discussed 
here is for current flow perpendicular to the crack. The purpose 
of this analysis is to determine current flow paths under the 
influence of partial crack closure, shielding by the sleeve, and lack 
of electrical contact between the sleeve and host material. 
The analysis is carried out by a numerical technique which solves 
the wave equation for the component of H field perpendicular to the 
plane of cross-section, Fig. lla. _~For the two dimensional geometry 
in question only one component of H is non-zero. The general wave 
equation for a good conductor is 
('iJ + 'iJp) 
P 
x ('iJxli) - jWllH = o. (6) 
Here p is the resistivity of the medium and 'iJp is a non-zero gradient 
in an inhomogeneous material region such as around a crack. The wave 
equation may be integrated to yield a finite difference formulation 
[3] which is applied to a square or rectangular mesh applied to the 
two dimensional cross-section, Fig. lIb. The field at one point is 
given in terms of neighboring field points and material constants 
by 
H 
o 
where 
(hlPl + h 3P2)/h2 
(h2P2 + h 4P 3) /h3 
(7) 
(8) 
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Fig. 11. a) Geometry for crack modeling. 
H2 
h2 
('2'/2 fl',A 
H3 h3 HO hI HI 
f3')i3 h4 f4'14 
H4 
Fig. 11. b) Finite difference rectangular mesh used in the basic 
formulation. 
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Given a suitable material matrix (7) and (8) are applied to the 
problem of interest . Equation (7) when applied to a given mesh 
yields a set of linear inhomogeneous equations which may be solved 
by a number of techniques. The solution method used here was a 
variation of an iteration technique . In general, (7) may be applied 
to any region of inhomogeneous ~ and p suitably reduced to a rec-
tangular mesh. 
The immediate problem assumes that an H field uniform in the 
width dimension is applied from the top of the geometry . Such a 
field might be produced by a large coil whose current flow is from 
right to left (or vis versa). The general formalism can treat cases 
of finite source coils and impedance calculations although those 
were not of immediate interest. 
Results for a 40 x 70 square mesh are shown in Fig . 12 . The 
mesh size is indicated by the tic marks on the horizontal scales 
and the skin depths for the sleeve and host materials are as indicated 
on the left vertical columns. The skin deptps correspond to a 2:1 
sleeve to host conductivity ratio. A rectangular slot was assumed 
for a representative crack in thse initial calculations. More com-
plicated and realistic crack-like defects can be simulated within 
the finite mesh constaints. Although the geometry has an obvious 
Fig. 12. a) Current flow around crack with sleeve in electrical 
contact with the host. Flux line density not resolvable 
in sleeve. 
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Fig. 12. b) Same case as in Fig. l2a except only one tenth of the 
flux lines are displayed in order to show current flow 
in the sleeve . 
symmetry no symmetry assumptions were made in the calculation process. 
The apparent symmetry in the calculated results is used as a check 
of the computational procedure in these initial results. 
In Fig. 12 a,b the sleeve material is assumed to be in electrical 
contact with the host material. The current flows around the top 
and bottom of the slot as expected. Note that the current density 
is inversely proportional to the flux line spacing since adjacent 
lines form flux tubes of equal current. Figures l2a and l2b are for 
the same geometrical case with ten times the current flow resolution 
chosen in Fig. l2a than in Fig . l2b in order to show the detailed 
flow around the slot in Fig. 12a and the detailed flow into the sleeve 
in Fig. 12b. Clearly, the majority of current flow is in the sleeve 
due to its higher conductivity and the exponential decay of current 
due to skin depth effects. In Fig. 12a the flux lines are so close 
together that they appear as a solid mass. 
In Fig. 13 a,b the sleeve is not in electrical contact with host 
and consequently the slot does not strongly perturb the current flow 
in the sleeve. The figures show the case of air in the gap although 
essentially the same results were obtained for a gap conductivity 
10- 3 of the sleeve material. These results demonstrate two essential 
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Fig. 13 . a) Current flow around crack in host without electrical 
contact between host and sleeve . Sleeve current flow 
is not displayed. 
Fig. 13. b) Same case as in Fig . l3a except only one tenth of the 
flux lines are displayed in order to show current flow 
in the sleeve. 
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features; first the sleeve has considerable shielding effect on 
current flow in the host material that is made more apparent by a 
lack of electrical contact. Second, a comparison of Fig . l2b with 
Fig. l3b demonstrates that the air gap significantly reduces the 
perturbation of sleeve current caused by the defect. This would 
give rise to a much smaller impedance change in the external coil. 
Transverse resolution has not been addressed directly in these 
calculations although it should be clear that spatial extent of the 
perturbed flow is determined to first order by the diffusion length 
in the host and much less by the crack width for realistic cracks 
having small width to depth ratio. As shown by the calculations 
in Section II, more sensitivity can be obtained by a larger skin 
depth as more current reaches the defect but this is at the expense 
of decreased transverse resolution for simple search coils. 
In Fig. 14 are shown some results for surface breaking cracks 
with one having partial closure. In Fig. 14a is the current dis-
tribution for uniform H field illumination from above. If the 
external fields are measured for the crack case and substracted from 
the no-flaw reference case then the field difference corresponds to 
the field that would result if the currents had been substracted . 
The substracted current flow is shown in Fig . l4b and corresponds 
to a distributed current loop with the majority of loop current near 
Fig. 14. a) Current flow around a surface breaking crack without 
sleeve. 
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Fig. 14. b) Scattered current calculated by substracting no-crack 
current flow from perturbed current flow around the crack. 
the flaw. Note that the current within the gap comes from the no 
crack case. External to the crack the current is unperturbed and 
the difference in currents is essentially zero. This observation 
is the fundamental basis for the field scattering approach [2] and 
may be a useful technique for the crack under sleeve problem. 
In Fig. 15 is shown the current flow tor the case of partial 
closure in the crack. Clearly there is current streaming through 
the interconnect region. The scattered current for this case would 
be in the form of multiple current loops that would be expected to 
have much different scattered field than the case of Fig. l4b. An 
analysis of the scattered field could be used to obtain the geo-
metrical details of the defect. 
SUMMARY 
An analysis of the sleeved bolt hole problem hnS been carried 
out using complementary two dimensional field analysis techniques. 
The impedance of a finite search coil has been predicted for various 
coil configurations of practical utility. It has been found that 
the sleeve has a significant affect on coil sensitivity because of 
shielding. In addition, the sleeve causes a loss of transverse 
resolution due, in part, to the current spreading in the sleeve and 
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Fig. 15. Current flow pattern in the case of partial crack closure. 
the fact that the sleeve places the coil a finite distance away 
from the coil pole faces. 
It is recognized that the two dimensional calculation model 
does not accurately represent the problem of interest and that these 
results must be considered as an approximation. Obviously, a three 
dimensional calculation procedure is required if accurate predictions 
of real coil configurations are to be obtained. 
Experimental approaches are now being investigated to verify 
the essential features of the results presented here and to aid in 
the determination of an optimum coil geometry. 
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